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TEENAGERS  
 
Effective teachers recognise that as their students grow, the way in which their students learn 
changes.  This is related to different developmental stages of the brain that occur as a child 
becomes an adult. This article discusses the concept of working memory and explores how 
working memory changes during adolescence.  The research presented here used an approach 
to measuring working memory using electroencephalography (EEG) to examine differences 
in the capacity for using working memory between older and younger adolescent students at a 
school in Western Australia.  The differences in the neurological processes related to working 
memory in adolescents of different ages were examined with implications for teachers in 
secondary schools.  
 
Working Memory 
Working memory (WM) has become a specialised area of brain research and in the large 
number of published studies using fMRI and EEG have contributed to our understanding of 
causes of the role WM plays in for example, autism, dyslexia, and dyscalculia.  Can we 
improve or train WM, as some suggest, or is this a fixed biological variable that will limit our 
capacity to learn?  One definition describes WM as a cognitive system that allows for the 
temporary storage and manipulation of information (Baddeley, 2003). This capacity to store, 
attend to and process information varies between individuals.  As children mature, their WM 
increases over time so older chilGUHQFDQµKROG¶PRUHELWVRILQIRUPDWLRQWKDQ\RXQJHU
children. These changes are related to the development and organisation of the prefrontal 
cortex of the brain (Luciana, Conklin, Hooper, & Yarger, 2005).   
 
 
 
 
 
 
 
The prefrontal 
cortex is 
located here, 
within the 
anterior part 
of the frontal 
lobes of the 
brain. 
  
 
 
Figure 1. A simple diagram showing the main lobes and regions of the human brain along 
with the specific location of the prefrontal cortex.  Image adapted from Igou (2013). 
 
In early adolescence, large alterations in hormone levels and physical changes occur which 
are related to the onset of puberty.  These significant changes in hormonal events can lead to 
numerous changes in social, academic and environmental factors experienced in adolescence 
many of which may influence the education of an adolescent (Blakemore, et al., 2010). 
Distinct changes occur within the brain which are especially evident in the prefrontal cortex, 
an area associated with tasks such as decision making, planning cognitive behaviour, 
expression of personality and moderating social behaviour (Blakemore, et al., 2010; Carter, 
2010; Finn, Sheridan, Kam, Hinshaw, & D'Esposito, 2010).  These changes include an 
increase in the efficiency in which messages can transfer along the neurons within the brain 
as a result of P\HOLQDWLRQRIQHXURQVDQGSK\VLRORJLFDOµSUXQLQJ¶RIQHXURQVWRUHPRYH 
unnecessary synaptic connections (Blakemore, et al., 2010; Carter, 2010; Dosenbach et al., 
2010; Klingberg, et al., 2002). 
 
Working Memory and Education  
WM has been shown to be DIXQGDPHQWDOSDUWRIVWXGHQWV¶DFTXLVLWLRQRIQHZPDWHULDODFWLYH
participation in the classroom, remembering instructions given for a task, engaging in mental 
arithmetic and writing whilst mentally formulating the next part of a text (St Clair-Thompson, 
et al., 2010).   <RXQJFKLOGUHQ¶V:0VNLOOVDUHJRRGSUHGictors of literacy and numeracy, 
perhaps even more so than IQ scores, thus suggesting that WM is a rather more fixed trait 
than IQ (known to be correlated with socioeconomic status and maternal level of education) 
(Alloway & Alloway, 2010).  Poor WM has been shown to result in poor comprehension and 
processing of written material, and poor performance in mathematics (Adams & Gathercole, 
2000; Daneman & Carpenter, 1980; Phye & Pickering, 2006; Wang & Gathercole, 2013). 
Given that WM exerts its effects across the lifepan of an indivudal, identifying and suporting 
young children with poor WM skills seems to be warranted. Students not making progress 
may be subject to assessments for learning difficulties, such as the WISC tests and the 
Stanford-Binet Intelligence scales as used by school psychologists. Some of these tests may 
include a WM component, although WM is rarely specifically identified as a factor related to 
learning difficulties (Naglieri, 2009; O'Donnell, 2009; Phye & Pickering, 2006).    
 
 
Electroencephalography (EEG) 
Due to technologies such as EEG, we can now record the electromagnetic activity of the 
brain emitted through the scalp to give a clearer understanding of which/when 
neuroanatomical structures are active during different mental occurrences (Picton et al., 
2000).  
 
Figure 2. $&RPSXPHGLFVµ4XLFN&DS¶KHDGVHWDVZDVXVHGLQWKHUHVHDUFKIRUFROOHFWLRQRI
EEG data.   Image adapted from Compumedics Neuromedical Supplies (2005). 
 
Using EEG, specific brain waves (especially theta and alpha) have been shown to be 
distributed across the brain during WM (Kawasaki, et al., 2010).  This paper presents 
research using EEG to obtain a measure of WM of adolescent students based upon the theta 
wave located in the frontal midline of the scalp (fmࣄ).   
 
 Figure 3. A map of the locations of possible approximate EEG electrode locations on the 
human head.  The research examined electrical information for fmࣄ at the three locations 
indicated (Fz, FCz & Cz) for a measure of WM use.  Image adapted from Viklund (2008). 
 
 
Introducing the Research 
7KLVZDVFRQGXFWHGDVDVPDOOVFDOHFDVHVWXG\DVSDUWRIWKHZRUNIRUDPDVWHU¶VWKHVLVZLWKD
small sample of students at the school of the first author KDYLQJPHWHWKLFV¶DSSURYDODW The 
University of Western Australia.  The research sought to validate the fmࣄ technique for 
measurement of WM and determine whether there are differences in WM between older and 
younger teenagers. Two research questions of the research were as follows:   
- Could a measure of WM using EEG be validated with the comparison of results to a 
traditional WM test? 
- Were there differences in WM between older and younger adolescents? 
To achieve this, a small exploratory case study was completed to investigate the effects of 
age on WM in adolescent males. A WM task was given to two groups of adolescent male 
students while EEG was simultaneously recorded to give two measures of WM, one measure 
from a traditional WM task and one from EEG.  
 
These three locations upon 
the frontal-midline of the 
scalp are where fmࣄ, 
wave representing WM 
use was collected using 
EEG within the research 
Participants  
The research included 20 male students aged 12-13 and 20 male students aged 15-16 
attending a Western Australian Independent Secondary School (n = 40).  All participants 
were students of the first author who was a teacher at the school. 
 
Methodology 
The WM task used within the research was a modified Sternberg (1966) task, using µresponse 
time latencies¶.  The Sternberg task presents a set of stimulus to be stored in WM to the 
SDUWLFLSDQWWKHQSUHVHQWVDµSUREH¶VWLPXOXVWKDW the participant is required to recall whether 
or not was present in the preceding set of stimulus (Sternberg, 1966).  The modified 
Sternberg task along with the EEG recording took place within the school day and took 
approximately one hour.  A 32 channel EEG Compumedics Quick-Cap headset was to be 
worn by the participant attached to a monopolar digital amplifier to while the modified 
Sternberg WM task was completed. Electroconductive gel was used to allow for the 
FRQGXFWLRQRIHOHFWULFDODFWLYLW\IURPWKHSDUWLFLSDQWV¶VFDOSVDQGWKHDFFXUDWHPHDVXUHRI
WM as EEG.   With EEG being recorded, student participants completed a multimedia-based 
modified Sternberg task on a desktop computer, having to press computer keys to indicate 
their responses as to whether the probe stimulus was present in a preceding set of stimuli.   
 
Results 
 
Figures 4 and 5 are examples of images from the data collected that give a clear indication 
that fmࣄ was produced under conditions where WM was being used by the participant.   
 
 Figure 4.  This figure shows an 6 images of the common electrical brainwave activities of 
different frequencies from a student participant in the research, notice the relatively high 
measurement of fmࣄ, indicative of greater WM near the frontal midline of the scalp.  The 
images are produced by a fast Fourier transform average of EEG taken from the time in 
which WM is in use by the participant. 
 
 
Figure 5. The EEG as recorded from the participants showing the theta wave representative 
of WM at the time at which data was recorded within the research.   
 
Data were collected and analysed from all participants, then averaged for each of the separate 
age groups of students. A low, but statistically significant correlation was found between the 
mean fmࣄ power obtained by EEG and the response-time latency measures of WM as 
obtained by the modified Sternberg task (see Figure 4).  A statistical model for analysis of 
variance was applied to the data collected to determine whether or not there was a difference 
in WM between the two adolescent age groups. The results showed that older adolescent 
students demonstrated higher levels of WM than younger adolescent students with a medium 
effect size given as the difference in WM between the two age groups (see Figure 5). 
 
Figure 6.  Scatter-plot and regression line between the response time latency and frontal 
midline theta power dependent variables. These data show a low but positive correlation 
between the two measures of WM WKDWSURYLGHVVXSSRUWWKDWERWKIPࣝDQGUHVSRQVHWLPH
latencies are valid measures of working memory. 
 Figure 7.  The mean fmࣄ of each student age group. The graph indicates that the male 
students of the older age group showed a greater mean fmࣄ, indicative of greater WM.  
Analysis 
7KHUHVXOWVRIWKHUHVHDUFKLQGLFDWHGWKDW\RXQJHUDGROHVFHQWVWXGHQWVKDGDORZHUPHDQIPԦ
power as a measurement of WM usage during a modified Sternberg task. The results of the 
research appeared to validate EEG as a measure of WM.  The lower mean measure of IPԦ
the younger adolescent students suggests that the restructuring that occurs in the prefrontal 
cortex of younger adolescent students results in a lower WM than the older adolescents. The 
data suggests that older adolescent students have completed the restructuring of the prefrontal 
cortex to a greater extent which has allowed for more efficient transfer of messages 
associated with WM processes (Carter, 2010; Choudhury, et al., 2008).   
 
While fmԦ representative of WM appears to increase with age in adolescent students this 
may not be true for students of all ages. Other sources of brain activity not associated with 
WM can be mistaken for fmԦ activity during EEG in children who have not yet reached 
adolescence (Mitchell, McNaughton, Flanagan, & Kirk, 2008, 2008). Findings from the 
research presented here suggest a long-term longitudinal study in adolescents using fmԦ as a 
measure of WM would be helpful. Samples in such a study could be taken from annually 
from adolescents throughout their entire adolescent period to give a greater insight into WM 
development over time with a simultaneous study of prefrontal cortex development.  
 
Similarly, the variable of gender as well as age could be considered in future studies of WM 
measured by fmԦ. It is well understood that frontal lobe grey matter peaks at different ages 
for males and females during the teenage years (Choudhury, et al., 2008). With a simple 
means to determine the stages of prefrontal reorganisation and an immediate relationship to 
WM processes, future research could examine whether the peaks in frontal lobe grey matter 
between males and females has a measureable influence on WM processes. In the research 
undertaken here, only male students participated for pragmatic purposes, and including 
females in the study would be a next step as well as students older and younger than early and 
mid-adolescents.  
 
Relating the Research to Education 
 
These results highlight the differences in WM that exist between adolescents of two different 
age groups.  It has shown that WM increases with age and how this may be related to 
neurological development that occurs during adolescence. Increases in WM are almost 
intuitively exploited by teachers as they (and the curriculum) place greater cognitive demands 
on older students. Some students, however, seem to persistently struggle at school and their 
scholastic achievements limited by their WM capacity.  
 
Deficiencies in WM could be addressed by schools with the adoption of helpful strategies for 
use by teachers within the classroom including techniques related to the reduction in the 
amount of material presented both verbally and visually to students and increasing the 
meaningfulness and familiarity of the material presented to students (Gathercole, 2008).  
These guidelines can often take the form of simple learning tools that can be integrated into 
classroom materials to assist students with limited WM such as younger adolescents.  
Teachers may reduce the load upon the working memory of their students by simplifying the 
format and presentation of information in lessons especially in learning areas involving 
reading comprehension and mathematics (Holmes & Gathercole, 2013).  Having greater WM, 
older students may be more capable of strategic self-organisation, and teachers could be 
encouraged to take advantage of this within the classroom.  For example, as teachers of older 
adolescents introduce concepts or new topics, they ask students what they already know 
about related topics or events as a way of both focusing students on a new topic, gaining 
DWWHQWLRQDQGHOLFLWLQJVWXGHQWV¶UHVSRQVHVDQGWKRXJKWV In this way, teachers develop and use 
metacognition related to what is already µstored¶ in WM.  Metacognitive thinking has been 
shown to have a positive impact in many areas of education including standardised testing, 
reading comprehension and writing and has been shown to be useful as a strategy for 
maximising WM within students (see, for example, Goswami & Bryant, 2007). 
 
Could teachers structure lessons or teaching and learning programs differently to account for 
differences in WM? Is it possible to accommodate the different WM needs of students 
through individualized education programs? Are teachers (and pre-service teacher educators) 
aware of differences in WM in school students? Is this sort of knowledge about child 
development or educational neuroscience included as part of a teacher education program in 
Australia? Given that the focus of most teachers will be the students they teach, it would be 
reasonable to expect that they are most fully briefed about the students in their classrooms 
and better understand how to support learning of all. In the future, perhaps teachers would 
have access not only to NAPLAN scores, but also information about attention, WM and 
general motivation. Whilst educational neuroscience has yet to reach teacher education in 
Australia, the interest in brains and learning has provided opportunities for neuromyths to 
IORXULVKDQGSURJUDPVWREHLQWURGXFHGLQWRVFKRROVDGYHUWLVHGDVµEUDLQ-EDVHG¶WKDWODFNERWK
science and evidence for their effectiveness (Oliver, 2011). 
 
WM appears to be a misunderstood quantity that is not effectively considered within schools 
as a limiting factor for the effective education of students.  This research has demonstrated 
how WM can be measured in adolescent students using EEG and that the differences in WM 
exist in male students of different ages.  It is hoped that by highlighting the nature of WM as 
a process that develops throughout the age of a student and the importance of WM for 
effective learning, teachers may be interested to reflect on the potential and limitation of 
VWXGHQWV¶WM in our classrooms. 
 
EXTRA INFORMATIVE BOX IDEA. 
   
Teachers increasingly understand the value of teaching their students how they think.  The 
functionality of new computer based multimedia and the accessibility of the internet may provide 
teachers with resources that may promote attention, working memory and , are simple to use and 
easily adapted to the classroom. 
Educational Neuroscience programs are being developed that may assist in students gaining an 
understanding of their brain function.  Two such educational neuroscience programs developed in the 
US are BrainU (http://brainu.org/resources/MNSTDS) and Neuroscience for Kids 
(http://faculty.washington.edu/chudler/neurok.html).   
The Sternberg test, as has been adapted by the research to obtain a measure of working memory is 
available online at  Millisecond Software 
(http://www.millisecond.com/download/library/Sternberg/https://faculty.washington.edu/chudler/ja
va/ready.html) 
The Stroop test is widely used in psychological fields as a demonstration of interference in the 
reaction time of a task and is available from the University of Washington with no specialized 
equipment.  (https://faculty.washington.edu/chudler/java/ready.html)  
http://www.psychologytoday.com/blog/fulfillment-any-age/201206/the-13-top-online-
psychology-games 
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